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1 I n t r o d u c t i o n
S upersym m etry  (SUSY) [1- 6] provides an  ex tension  to  th e  S tan d ard  M odel (SM) th a t 
solves th e  h ierarchy problem  [7- 10] by in troducing  p artn e rs  of th e  known bosons and 
ferm ions. In  R -parity -conserv ing  m odels [11], SUSY partic les are produced  in pairs and 
th e  ligh test supersym m etric  partic le  (LSP) is s tab le  and  provides a can d id a te  for dark  
m a tte r  [12, 13]. T he su p erp artn ers  of th e  SM bosons (the  wino, bino and  higgsinos) m ix 
to  form  th e  neu tra linos (Xi,2,3,4) and  charginos (x ± 2) physical s ta tes. For a large selection 
of m odels, th e  LSP is th e  lightest n eu tra lino  ()¾). N atu ra lness considerations suggest th a t  
th e  supersym m etric  p a rtn e rs  of th e  th ird -g en era tio n  quarks are light [14, 15]. If th is  is 
assum ed, th e  ligh test b o tto m -sq u ark  (b 1) and  ligh test to p -squark  ( t1) m ass e ig en sta tes 1
1The scalar partners of the left-handed and right-handed chiral components of the bottom quark (bL,R) or 






F ig u re  1. Graphical representation of the SUSY signal targeted by this analysis. Bottom squarks 
are produced in pairs and subsequently decay into bx2 with B =  100%. The two X0 particles decay 
into hX0 also with B =  100%.
could be significantly ligh ter th a n  th e  o th er squarks and  th e  gluinos. As a consequence, 
b: and  t 1 could be pair-p roduced  w ith  relatively large cross-sections a t th e  Large H adron  
Collider (LH C). D epending on th e  m ass h ierarchy considered, it is possible th a t  th e  b1 and 
t 1 could decay in to  final s ta tes  w ith  Higgs bosons, h, like th e  one in th e  SM, and  th is  allows 
th e  Higgs boson to  be used as a probe for new physics.
T h is artic le  presen ts a search for th e  p a ir p rod u c tio n  of b o tto m  squarks decaying into 
th e  LSP via a com plex decay chain  con tain ing  th e  second-lightest n eu tra lino  (X0) and 
th e  Higgs boson: b 1 ^  b +  x2 and  subsequently  x2 ^  h  +  Xi- Such a decay h ierarchy 
is p red ic ted  in m inim al supersym m etric  extensions to  th e  SM (M SSM ) [16, 17], w ith  h 
assum ed to  be th e  ligh test of th e  n eu tra l bosons in troduced  in th e  MSSM . T h e  b o tto m  
squark  decaying th ro u g h  a nex t-to -ligh test n eu tra lin o  is one of th e  possible m odes w ith in  
th e  MSSM . D edicated  searches for d irec t decays in to  th e  ligh test n eu tra lin o  ( b 1 ^  bX0) or 
a chargino (b1 ^  tX±) have been reported  by th e  ATLAS and CM S collaborations (see for 
exam ple [18, 19] and  [20- 22]).
W hen  th e  L SP is bino-like and  th e  x2 is a w ino-higgsino m ix ture, th e  b ranching  ra tio  
(B) of X2 ^  h  +  X1 is enhanced  relative to  th e  o th er possible X0 decays. T he Higgs boson 
m ass is tak en  to  be 125 GeV, and  th e  decay in to  a p a ir of b o tto m  quarks is assum ed to  be 
th e  sam e as in th e  SM (B =  58% [23, 24]), a lthough  it could be enhanced  or reduced in 
th e  MSSM.
T his search is in te rp re ted  w ith in  sim plified m odel scenarios [25, 26] and  figure 1 illus­
tra te s  th e  ta rg e ted  model. In  th e  first set of m odels, a lready  considered by th e  ATLAS 
C ollaboration  using 8 TeV d a ta  [27], th e  m ass of th e  X1 is fixed a t 60 GeV. T he b o ttom - 
squark  and  X0 m asses vary  in th e  ranges 250-1600 GeV and 200-1500 GeV, respectively. 
T he assum ption  ab o u t th e  X10 m ass is m otiva ted  by d a rk -m a tte r  relic density  m easurem ents 
and  m ight be favoured in H iggs-pole ann ih ila tion  scenarios [28] w here m^o ~  m h/2 . T he 
previous search perform ed by ATLAS using 8 TeV d a ta  excluded b o tto m -sq u ark  m asses up 






T he second set of SUSY m odels assum es a fixed m ass difference betw een th e  X2 and 
Xi, sufficient to  produce an  on-shell Higgs boson. T he m ass difference, A m (X 2,X i), is set 
to  130 GeV, w hilst b o tto m -sq u ark  and  Xi m asses vary  in th e  ranges 400-1500 GeV and 
1-800 GeV, respectively. A sim ilar scenario is considered by th e  CMS C ollaboration  in 
ref. [29], w here th e  h  ^  7 7  decay m ode is exploited  to  exclude b o tto m -sq u ark  m asses up 
to  530 GeV; no p rio r ATLAS searches have ta rg e ted  these m odels.
T he final s ta tes  are charac terised  by a unique signature, w hich contains m any je ts , of 
w hich up to  six can  be identified as o rig inating  from  th e  fragm en tation  of b-quarks (referred 
to  as b-jets), m issing transverse  m om entum  (p™ ss, th e  m agn itude thereo f referred to  as 
ETpiss), and  no charged leptons (referred to  as leptons). New selections and  ded icated  
procedures aim ing to  m axim ise th e  efficiency of reconstructing  th e  Higgs boson cand ida tes 
decaying in to  a b-quark p a ir are em ployed in th is  artic le . Section 2 presen ts a brief overview 
of th e  ATLAS d etec to r, w ith  section 3 describ ing th e  d a ta  and  sim ulated  sam ples used in 
th e  analysis. T he event reconstruction  m ethods are explained in section 4 . An overview 
of th e  analysis s tra teg y  is p resented  in section 5, w ith  th e  background estim atio n  s tra teg y  
discussed in section 6 . T he system atic  uncerta in ties considered in th e  analysis are described 
in section 7 . Section 8 p resen ts th e  resu lts and  in te rp re ta tio n  thereof, w ith  th e  conclusions 
presen ted  in section 9 .
2 A T L A S  d e t e c t o r
T he ATLAS d e tec to r [30] is a m ultipurpose p artic le  physics d e tec to r w ith  a forw ard- 
backw ard sym m etric  cylindrical geom etry  and  nearly  4n coverage in solid angle.2 T he 
inner track ing  d e tec to r consists of pixel and  silicon m icrostrip  de tec to rs covering th e  pseu­
d o rap id ity  region |n| <  2.5, su rrounded  by a tran s itio n  rad ia tio n  track er w hich enhances 
electron  identification in th e  region |n| <  2.0. Betw een R un  1 and  R u n  2, a new inner pixel 
layer, th e  in sertab le  B -layer [31, 32], was added  a t a m ean sensor rad ius of 3.3 cm. T he 
inner d e tec to r is su rrounded  by a th in  superconducting  solenoid providing an  axial 2 T  
m agnetic  field and  by a fine-granularity  lead /liq u id -arg o n  (LA r) electrom agnetic  calorim e­
te r  covering |n| <  3.2. A stee l/sc in tilla to r-tile  ca lo rim eter provides hadron ic coverage in the  
cen tra l pseudorap id ity  range (|n | <  1.7). T he endcap  and  forw ard regions (1.5 <  |n| <  4.9) 
of th e  hadron ic calo rim eter are m ade of L A r active layers w ith  e ith er copper or tu n g sten  as 
th e  abso rber m ateria l. A n extensive m uon spec trom eter w ith  an  air-core to ro idal m agnet 
system  surrounds th e  calorim eters. T hree  layers of high-precision track ing  cham bers p ro ­
vide coverage in th e  range |n| <  2.7, while ded ica ted  fast cham bers allow triggering  in th e
2ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point in the 
centre of the detector. The positive x-axis is defined by the direction from the interaction point to the 
centre of the LHC ring, with the positive y-axis pointing upwards, while the beam direction defines the 
z-axis. Cylindrical coordinates (r, 7) are used in the transverse plane, 7 being the azimuthal angle around 
the z-axis. The component of momentum in the transverse plane is denoted by pT. The pseudorapidity n is 
defined in terms of the polar angle 6 by n =  — ln tan(6/2). Rapidity is defined as y  =  0.5 ln[(E +pz) / ( E - p z)] 
where E denotes the energy, and pz is the component of the momentum along the beam direction. The 






region |n| <  2.4. T he ATLAS trigger system  consists of a hardw are-based  level-1 trigger 
followed by a softw are-based high-level trigger [33].
3  D a t a  a n d  s i m u l a t e d  e v e n t  s a m p l e s
T he d a ta  analysed in th is  s tu d y  correspond to  a to ta l of 139 fb -1  of p ro to n -p ro to n  (pp) 
collision d a ta  collected by th e  ATLAS d e tec to r w ith  a centre-of-m ass energy of 13 TeV and 
a 25 ns p ro to n  bunch crossing interval in th e  period  betw een 2015 and  2018. All d e tec to r 
subsystem s were required  to  be operational du ring  d a ta  tak ing . T he average num ber of 
in teractions per bunch  crossing (pile-up) increased from  (p) =  20 (2015-2016 d a ta se t) to  
(p) =  37 (2018 d a ta se t) , w ith  a highest (p )  =  38 (2017 d a ta se t) . T he u n ce rta in ty  in 
th e  com bined 2015-2018 in teg ra ted  lum inosity  is 1.7%  [34], ob ta ined  using th e  LU CID -2 
d e tec to r [35] for th e  p rim ary  lum inosity  m easurem ents.
E vents are required  to  pass an  ETpiss trigger [36] w hich is fully efficient for events w ith  
reconstructed  ETplss >  250 GeV. A dditional single-lepton triggers requiring  electrons or 
m uons are used to  es tim ate  th e  SM backgrounds, w ith  an  offline selection of p T (t) >  27 GeV 
used to  ensure th e  trigger is fully efficient (I  =  e, p ).
D edicated  M onte C arlo  (M C) sim ulated  sam ples are used to  m odel SM processes and 
estim ate  th e  expected  signal yields. All sam ples were produced  using th e  ATLAS sim ulation 
in fra s tru c tu re  [37] and  G E A N T 4 [38], or a fas te r sim ulation  based on a p aram eterisa tio n  
of th e  ca lo rim eter response and  G E A N T 4 for th e  o th er d e tec to r system s [37].
T he SUSY signal sam ples were generated  w ith  M adG raph5_aM C@ N LO  v2.6.2 [39] 
a t leading o rder (LO) and  in terfaced to  P Y T H IA  v8.230 [40] for th e  m odelling of the  
p a r to n  showering (PS), had ron isa tion  and  th e  underly ing  event w ith  th e  A14 [41] set of 
tu n ed  p aram eters  (tune). T he m a trix  elem ent (M E) ca lcu la tion  was perform ed a t tree  
level and  includes th e  em ission of up  to  tw o add itional partons. T he M E -PS m atch ing  
was done using th e  C K K W -L [42] prescrip tion , w ith  a m atch ing  scale set to  one q u a rte r 
of th e  b o tto m -sq u ark  m ass. T he N N P D F 2.3  LO [43] p a r to n  d is trib u tio n  function  (P D F ) 
set was used. Signal cross-sections were calcu lated  to  app rox im ate  nex t-to -nex t-to -lead ing  
o rder in th e  strong  coupling co n stan t, adding  th e  resum m ation  of soft gluon em ission 
a t nex t-to -nex t-to -lead ing -logarithm  (approx im ate  N N L O +N N L L ) [44- 47] accuracy. T he 
nom inal cross-section and  its u n ce rta in ty  were derived using th e  PD F4LH C 15_m c P D F  set, 
following th e  recom m endations of ref. [48]. For b1 m asses betw een 400 GeV and 1.5 TeV, 
th e  cross-sections range from  2.1 pb  to  0 .2 6 fb, w ith  uncerta in ties from  6% to  17%.
T he SM backgrounds considered in th is  analysis are: t t  p a ir p roduction ; single-top- 
q u ark  production ; Z  +  je ts; W  +  je ts ; t t  p roduc tion  w ith  an  electrow eak ( t t V ) or Higgs 
( t t H ) boson; and  diboson p roduction . T he sam ples were sim ulated  using different MC 
g enera to r program s depending  on th e  process. P a ir  p roduc tion  of to p  quarks, t t ,  was 
generated  using P O W H E G -B O X  v2 [49- 52] in terfaced w ith  P Y T H IA  v8.230 and  th e  A14 
tu n e  w ith  th e  N N P D F 2.3  LO P D F  set for th e  M E calcu lations. T he hdamp p a ram ete r in 
PO W H E G -B O X , w hich controls th e  p t  of th e  first add itional em ission beyond th e  B orn 
level and  thus regulates th e  p T of th e  recoil em ission aga inst th e  t t  system , was set to  1.5 






T he generation  of single to p  quarks in th e  W t-channel, s-channel and  t-channel p roduction  
m odes was perform ed by P O W H E G -B O X  v2 [50- 52, 54] sim ilarly  to  th e  t t  sam ples. For all 
processes involving to p  quarks, to p -q u ark  spin correlations were preserved. All events w ith  
a t least one lep tonically  decaying W  boson were re ta ined ; fully hadronic t t  and  single­
to p  events do no t con tain  sufficient ETpiss to  co n trib u te  significantly to  th e  background. 
T he p rod u c tio n  of t i  pairs in associa tion  w ith  electrow eak vector bosons (W, Z ) or Higgs 
bosons was m odelled by sam ples generated  a t NLO using M adG raph5_aM C@ N LO  v2.2.3 
and  showered w ith  P Y T H IA  v8.212. E vents con tain ing  W  or Z  bosons w ith  associated  je ts , 
including je ts  from  th e  fragm en tation  of heavy-flavour quarks, were sim ulated  using th e  
SH ER PA  v2.2.1 [55] generato r. M atrix  elem ents were calcu lated  for up to  tw o add itional 
p a rto n s a t NLO and four p arto n s a t LO using th e  C o m ix  [56] and  O p e n L o o p s  [57] M E 
generato rs and  were m erged w ith  th e  SH ER PA  PS  [58] using th e  M E +PS@ N L O  prescrip­
tio n  [59]. T he N N P D F 3.0  NNLO [43] P D F  set was used in con junction  w ith  a ded icated  
P S  tu n e  developed by th e  SH ER PA  au tho rs. D iboson processes were also sim ulated  using 
th e  SH ER PA  g enera to r using th e  N N P D F 3.0  NNLO P D F  set. T hey  were calcu lated  for 
up  to  one (Z Z ) or zero (W W , W Z ) add itional p arto n s  a t NLO and  up  to  th ree  add itional 
p a rto n s a t LO. O th er p o ten tia l sources of backgrounds, such as th e  p rod u c tio n  of th ree  or 
four to p  quarks or th ree  gauge bosons, are found to  be negligible. F inally, con tribu tions 
from  m ultije t background are estim ated  from  d a ta  using a je t  sm earing procedure described 
in ref. [60] and  are found to  be negligible in all regions.
All background processes are norm alised to  th e  best available theo re tica l ca lcu lation  for 
th e ir  respective cross-sections. T he NLO t t  inclusive p rod u c tio n  cross-section is corrected  
to  th e  theo ry  pred ic tion  a t NNLO in QCD  including th e  resum m ation  of NNLL soft-gluon 
te rm s calcu lated  using T o p + + 2 .0  [61- 67]. Sam ples of single-top events are norm alised to  
th e  NLO cross-sections repo rted  in refs. [68- 70].
For all sam ples, except those generated  using SH ER PA , th e  E v t G en  v1.2.0 [71] p ro­
gram  was used to  sim ulate  th e  p roperties  of th e  b o tto m - and  charm -hadron  decays. All 
sim ulated  events include a m odelling of con tribu tions from  pile-up by overlaying m inim um - 
bias pp in teractions from  th e  sam e (in-tim e pile-up) and  nearby  (out-of-tim e pile-up) bunch 
crossings sim ulated  in P Y T H IA  v8.186 and  E v t G en  v1.2.0 w ith  th e  A3 [72] tu n e  and  th e  
N N P D F 2.3  LO set [43].
4  E v e n t  r e c o n s t r u c t i o n
T his search is based upon  a selection of events w ith  m any b-jets, large m issing transverse  
m om entum  and no charged leptons (electrons and  m uons) in th e  final s ta te . All events are 
required  to  have a reconstructed  p rim ary  vertex  w hich is consisten t w ith  th e  beam spo t enve­
lope and consists of a t least tw o associated  tracks in th e  inner d e tec to r w ith  p T >  500 MeV. 
If  m ore th a n  one vertex  passing th e  above requirem ents is found, th e  one w ith  th e  largest 
sum  of th e  squares of transverse  m om enta of associa ted  tracks [73] is chosen.
J e t  cand ida tes are reconstructed  from  three-d im ensional clusters of energy in th e  
ca lo rim eter [74] w ith  th e  a n t i - k  je t algorithm  [75, 76] using a rad ius p a ram ete r of 0.4. T he 






is used to  ca lib ra te  th e  reconstructed  je ts . A set of q uality  c rite ria  is applied to  iden­
tify  je ts  which arise from  non-collision sources or d e tec to r noise [78] and  any event which 
contains a je t failing to  satisfy  these c rite ria  is rem oved. A dditional je ts  th a t  arise from 
pile-up in teractions are rejected  by applying add itional track -based  selections to  je ts  w ith  
p T <  120 GeV and  |n| <  2.4 [79], and  th e  je t  m om entum  is corrected  by su b trac tin g  th e  
expected  average energy co n trib u tio n  from  pile-up using th e  je t area m ethod  [80]. Je ts  are 
classified as e ith er ‘baseline’ or ‘signal’; baseline je ts  are required  to  have p T >  20 GeV and 
|n| <  4.8 w hilst signal je ts  are selected afte r resolving overlaps w ith  electrons and  m uons, 
as described below, and  m ust pass tig h te r requirem ents of p T >  30 GeV and  |n| <  2.8.
Signal je ts  are identified as b-jets if th ey  are w ith in  |n| <  2.5 and  are tagged  by a m ul­
tiv a ria te  algorithm  which uses a selection of inpu ts  including in form ation  ab o u t th e  im pact 
param eters  of inner-de tec to r tracks, th e  presence of displaced secondary vertices and  th e  
reconstructed  flight p a th s  of b- and  c-hadrons inside th e  je t [81]. T he b-tagging algorithm  
used has an  efficiency of 77%, determ ined  in a sam ple of sim ulated  t t  events. I t was chosen 
as p a r t of th e  op tim isation  procedure and  th e  corresponding  m isidentification ra te  is 20% 
for c-jets and  0.9% for light-flavour je ts . To com pensa te  for differences betw een d a ta  and 
M C sim ulation  in th e  b-tagging efficiencies and  m is-tag  ra tes, correction factors are derived 
from  d a ta  and  applied  to  th e  sam ples of sim ulated  events; details are found in ref. [81].
E lec tron  cand ida tes are reconstructed  from  energy clusters in th e  electrom agnetic 
ca lo rim eter m atched  to  a track  in th e  inner d e tec to r and  are required  to  satisfy  a set 
of ‘loose’ q uality  c rite ria  [82]. T hey  are also required  to  lie w ith in  th e  fiducial volum e 
|n| <  2.47 and  have p T >  4.5 GeV. M uon cand ida tes are reconstructed  by m atch ing  tracks 
in th e  inner d e tec to r w ith  tracks in th e  m uon spec trom eter. M uon cand idates which have 
a transverse  (longitudinal) im pact p a ram ete r relative to  th e  p rim ary  vertex  larger th a n  
0.2 m m  (1 m m ) are rejected  to  suppress m uons from  cosm ic rays. M uon cand ida tes are 
also required  to  satisfy ‘m ed ium ’ quality  c rite ria  [83] and  have |n| <  2.5 and  p T >  4 GeV. 
E lec tron  (m uon) cand ida tes are m atched  to  th e  p rim ary  vertex  by requiring  th e  transverse  
im pact p a ram eter (d0) to  satisfy |d0 | / a ( d 0) <  5 (3), and  th e  longitud inal im pact p aram eter 
(z0) to  satisfy |z0 sin 9\ <  0.5 m m . L ep ton  cand ida tes rem aining afte r resolving overlaps 
w ith  baseline je ts  are called ‘baseline’ leptons. In  th e  contro l regions w here tig h te r lepton 
identification  is required, ‘signal’ leptons are  chosen from  th e  baseline set w ith  p T >  20 GeV 
and are required  to  be isolated  from  o th e r ac tiv ity  in th e  d e tec to r using a crite rion  designed 
to  accept a t least 95% of lep tons from  Z  boson decays; details  are found in ref. [84]. In  
th e  d ilep ton  control region w here th e  single-lepton triggers are used, th e  leading lepton 
is required  to  have p T >  27 GeV; w hich ensures full efficiency of th e  single-lepton tr ig ­
gers. Signal electrons are fu rth e r required  to  satisfy  ‘t ig h t’ quality  c rite ria  [82]. T h e  MC 
events are corrected  to  account for differences in th e  lep ton  trigger, reconstruction  and 
identification  efficiencies betw een d a ta  and  M C sim ulation.
Possible reconstruction  am biguities betw een baseline electrons, m uons and  je ts  are 
resolved by firstly  rem oving electron cand ida tes w hich share an  inner d e tec to r track  
w ith  a m uon cand ida te . J e t  cand ida tes are th en  rem oved if th ey  are w ith in  A R  =  
(A y ) 2 +  (A ^ ) 2 =  0.2 of an  electron cand ida te ; nex t, e lectron cand ida tes are  d iscarded 






any rem aining je t, except for th e  case w here th e  num ber of tracks associated  w ith  th e  je t 
is less th a n  th ree , w here th e  m uon is kep t and  th e  je t is d iscarded.
Identified t  leptons decaying hadronically  are  no t considered b u t th e  following T-veto 
p rocedure is applied to  reject events which con ta in  T-like ob jects. C and idates (Tcand) 
are identified as je ts  w hich have |n| <  2.5 and  less th a n  five inner d e tec to r tracks of 
Pt  >  500 MeV. If  an  event contains a ta u  can d id a te  w ith  a sm all az im uthal d istance to  
th e  pmiss (A0(ETpiss, Tcand) <  n /3 ) ,  th en  th e  event is vetoed.
T he m issing transverse  m om entum  p!piss is defined as th e  negative vector sum  of th e  
p T of all selected and  ca lib ra ted  physics ob jects (electrons, m uons, pho tons [82] and  je ts) 
in th e  event, w ith  an  e x tra  te rm  added  to  account for soft energy in th e  event which is not 
associa ted  w ith  any of th e  selected ob jects [85]. T his soft te rm  is calcu lated  from  inner- 
d e tec to r tracks w ith  p T above 500 MeV m atched  to  th e  PV , th u s  ensuring  it is robust 
aga inst pile-up co n tam in atio n  [86 , 87].
5 A n a ly s i s  s t r a t e g y
T hree sets of non-orthogonal signal regions (SRs) are  defined to  ta rg e t different m ass hi­
erarchies of th e  SUSY partic les involved. T hese definitions exploit various d iscrim inating  
observables and  algorithm s developed to  explicitly  reconstruc t Higgs boson cand ida tes in 
th e  decay chain. E vents w ith  charged leptons are  vetoed in all SRs. E vents w ith  one or 
tw o charged leptons are used to  define control regions (CRs) to  aid in th e  estim atio n  of 
th e  m ain  SM backgrounds. A dditionally , events w ith  zero charged leptons are u tilised  to  
define validation  regions (V Rs) to  ensure th e  background estim atio n  m ethod , described in 
section 6 , is robust. T he op tim isation  p rocedure for th e  event selection aim s to  m axim ise 
th e  yield of b o tto m -sq u ark  p a ir p rod u c tio n  events while reducing SM background con tri­
butions. I t is perform ed for th e  tw o sim plified m odel scenarios in troduced  in section 1. 
Since th e  h  ^  bb decay m ode is considered, th e  final s ta te  contains a large je t m ultiplicity, 
w ith  m any of these je ts  o rig inating  from  b-quarks, and  large ETpiss from  th e  neutralinos.
T he event selection crite ria  are defined on th e  basis of k inem atic  requirem ents for th e  
ob jects  described in th e  previous section and  th e  event variables described below. For these 
definitions, signal je ts  are used and  are ordered  according to  decreasing p T .
•  Njets: th e  num ber of signal je ts.
•  N b_jets: th e  num ber of b-jets.
•  m in A ^ ( j e t ^ 4, p™ ss): th e  m inim um  azim uthal d istance betw een th e  four highest-pT 
je ts  and  th e  p!piss. T his is a powerful d iscrim inating  variable against m u ltije t back­
ground events con tain ing  a large am oun t of ETpiss due to  m ism easured je ts . Typically, 
m u ltije t background events exh ib it low values of th is variable and studies using d a ta - 
driven m ultije t estim ates ind icate  th a t  a selection of m in A ^ ( je t1- 4, p™ ss) >  0.4 is 






A 0 ( j i ,  p!piss): th e  az im uthal d istance betw een th e  highest-pT je t and  th e  p!piss. T his 
variable is used to  select events w here th e  p!piss is expected  to  be recoiling against 
th e  leading je t.
•  m eff: th e  effective m ass [88] of an  event is defined as th e  scalar sum  of th e  p T of all 
signal je ts  and  th e  ETpiss, i.e.:
•  S : referred to  as th e  “ob ject-based  ETpiss-significance” [89] is defined as follows:
T he to ta l m om entum  resolution of all je ts  and  leptons, a t a given p T and  |n |, is 
determ ined  from  param eterised  M onte C arlo sim ulation  w hich well reproduces th e  
resolution  m easured in d a ta . ox is th e  to ta l m om entum  resolution afte r being ro ta ted  
in to  th e  long itud inal (parallel to  th e  p™ ss) plane. T he q u an tity  pLT is a correlation  
facto r betw een th e  long itud inal and  transverse  m om entum  reso lu tion  (again  w ith  
respect to  th e  p™ ss) of each je t  or lepton. T he significance S  is used to  d iscrim inate 
events w here th e  ETpiss arises from  invisible partic les in th e  final s ta te  from  events 
w here th e  ETpiss arises from  poorly  m easured partic les (and je ts ). A dditionally , it is 
useful in d iscrim inating  betw een signal events w ith  large ETpiss and  Z  + je ts  events 
w ith  m edium -to-low  ETpiss.
A dditional selections on th e  p T of th e  leading je t  and  of th e  leading b-jet are  also applied 
as deta iled  in th e  following subsections. In  all signal regions, events contain ing  baseline 
leptons w ith  p T >  10 GeV are vetoed, as well as events con tain ing  T-lepton cand ida tes th a t  
align w ith  th e  p™ ss w ith in  A 0  =  n /3  . O nly events w ith  ETpiss >  250 GeV are re ta in ed  to  
ensure full efficiency of th e  trigger.
T he event k inem atics ta rg e ted  by th e  th ree  SRs are depicted  in figure 2 . T he first signal 
region is SRA, designed to  ta rg e t th e  ‘b u lk ’ region of b o th  signal m odels, w ith  m oderate- 
to  high-m ass sp littin g  betw een th e  b1 and  x 2. In  these scenarios all of th e  b-jets, from  b o th  
th e  b o tto m -sq u ark  and  Higgs boson decays, are a t a relatively high p T and  can  be resolved 
in th e  detec to r. T he b-jets from  th e  Higgs boson can  be isolated by rem oving th e  ones 
m ost likely from  th e  b o tto m -sq u ark  decays and  checking th e  angu lar separa tion  betw een 
th e  rem ain ing  b-jets.
T he second region, SRB, is designed to  ta rg e t th e  phase space of th e  A m (X 2,X i) =  
130 GeV scenario w ith  a sm all m ass sp littin g  betw een th e  b 1 and  X2, referred to  as th e  
“com pressed” region. An in itia l-sta te  rad ia tio n  (ISR)-like selection is used w here th e  sm all 
m ass sp littin g  betw een th e  b o tto m  squark  and  n eu tra lino  leads to  relatively  soft b-jets from 
th e  b o tto m  squark  decay, w hich are difficult to  reconstruct. In  th is scenario it is possible to  
reconstruc t b o th  Higgs bosons using angu lar separation  m ethods. F inally, SRC is designed






Figure 2. The different event kinematics, in the transverse plane, targeted by the three SRs: 
(a) kinematics in the bulk region, with high-p T b-jets arising from the bottom-squark decay; (b) 
kinematics in the compressed region of the A m (X0, X i ) =  130 GeV scenario with soft b-jets from 
the bottom  squark; (c) kinematics in the compressed region of the m (X i) =  60 GeV scenario which 
also contains soft b-jets from the bottom  squark.
to  target the “compressed” region of the m(Xi) =  60 GeV signal scenario, where the mass 
splitting between the bi and x2 is small. The b-jets from the bottom  squark decay are very 
soft and as such a lower b-jet m ultiplicity is used in this region, when compared to  the 
A- and B-type selections. Additionally, the visible system (b-jets from the bottom  squark 
decay and Higgs boson decay) is produced back-to-back w ith the reconstructed p !piss.
5.1 T h e  S R A  se lec tio n s
To exploit the kinematic properties of the signal over a large range of b1, x2 and Xi 
masses, incremental thresholds are imposed on the main discrim inating variable, meff, 
resulting in three m utually exclusive regions, 1.0 <  meff <  1.5 TeV, 1.5 <  meff <  2.0 TeV 
and meff >  2.0 TeV. These are labelled as SRA-L, -M and -H, respectively, to  maximise 
coverage across the b1 mass range. The selection criteria for the three SRAs are summarised 
in table 1.
At least four b-tagged jets are required. To discrim inate against m ultijet background, 
events where the p ™ss is aligned with a je t in the transverse plane are rejected by requiring 
min A ^ (je t1-4, p ™ss) >  0.4. As a large E™ss is expected from the neutralinos which escape 
the detector, a selection of E™ss >  350 GeV is used. Additionally, the leading b-jet (b1) 
is expected to  have a large pT, hence a selection of pT(b1) >  200 GeV is employed. At 
least one of the two Higgs boson candidates in the event is identified using a reconstruction 
algorithm  referred to  as max-min, which is a two-step procedure to  remove the high-pT 
b-jets from the bottom  squark decay and then  use the remaining b-jets to  reconstruct a 
Higgs boson in the decay chain. The procedure is implemented as follows: first, pairs 
of b-jets are formed by iterating through all of the b-jets in the event, and the pair with 
the largest separation in A R  is designated as arising from the bottom -squark decay and 






V ariable SRA SRA-L SRA -M SRA-H
Nieptons (baseline) =  0 = 0
Njets >  6 > 6
N b_jets >  4 > 4
E P iss [GeV] >  350 >  350
m in A ^ ( je t1- 4, pm iss) [rad] >  0.4 >  0.4
t  veto Yes Yes
p x (b i) [GeV] >  200 >  200
ARmax(b,b) >  2.5 >  2.5
A R max_min(b, b) <  2.5 <  2.5
m(hcand) [GeV] >  80 >  80
meff [TeV] >  1.0 € [1.0,1.5] €  [1.5, 2.0] >  2.0
T ab le  1. Definitions for the SRA, alongside the three varying meff intervals used. The letter 
appended to  the SRA label corresponds to the low (-L), medium (-M) or high (-H) m eff selection. 
This selection is sensitive to the bulk regions of both signal scenarios. The jets and b-jets are ordered 
by Pt .
possible Higgs boson can d id a te  and  its invarian t m ass calcu lated . T he following A R  and 
m ass qu an titie s  are defined:
•  A R max(b, b): th e  d istance in p -0  betw een th e  tw o b-jets w ith  th e  m axim al angu lar 
separation  which are m ost likely to  o rig inate  from  th e  in itia l decay of th e  b^
•  A R max_min (b, b): th e  d istance in p -0  betw een th e  tw o b-jets w ith  th e  m inim um  angu­
lar sep ara tio n  w hich are m ost likely to  o rig inate  from  th e  sam e Higgs boson decay, 
selected ou t of th e  rem aining b-jets;
•  m (h cand): th e  invarian t m ass of th e  b-jet pair identified as a Higgs can d id a te  by th e  
m a x -m in  algorithm . A lower bound  on m (h cand) is used; in th e  m ajo rity  of events th e  
d is trib u tio n  peaks a round  th e  Higgs boson m ass, b u t in scenarios w here th e  incorrect 
com bination  of b-jets is chosen th e  signal can  ex tend  to  higher masses.
W hen  applied to  signal, th e  m a x -m in  a lgorithm  correctly  selects a h  ^  bb pairing  in 
20% -40%  of cases for a single Higgs boson decay, depend ing  upon  th e  m odel. For a signal 
m odel corresponding  to  m ( b i ,x 2 ,X i)  =  (1100,330, 200) GeV, ab o u t 3% of th e  sim ulated  
signal events are re ta ined  by th e  SR A  selections.
5 .2  T h e  S R B  s e le c t io n s
T he SRB region ta rg e ts  sm all m ass-sp litting  betw een th e  b1 and X0 (of o rder 5-20 GeV), 
in th e  case of th e  A m (x 2 ,x 1 ) =  130 GeV scenarios. T he presence of an  ISR  je t  boosting  







Nieptons (baseline) =  0
Njets >  5
N b-jets >  4
E P iss [GeV] >  350
m in A 0 ( je t1- 4, p™ ss) [rad] >  0.4
t  veto Yes
m (h cand1 j h cand2)avg [GeV] € [75,175]
L eading je t no t 6-tagged Yes
P t (j  1) [GeV] >  350
|A 0 ( j 1 ,ETPiss)| [rad] >  2.8
meff [TeV] >  1
T ab le  2 . Definitions for SRB, targeting the compressed region of the Am(X0, Xi) =  130 GeV 
scenario. The jets and b-jets are ordered by
suppress SM background con tribu tions, events are selected w here th e  h ighest-pT je t  is not
6-tagged and  has p T >  350 GeV; th is  je t  is presum ed to  arise from  ISR  in th e  scenario 
under consideration . A dditional selections of Em iss >  350 GeV and  A ^ ( j i ,E m iss) >  2.8 
are applied. A n m eff selection of >  1 TeV is also applied. T he soft p T spec trum  pred ic ted  
for 6-jets from  iq decays can  cause th e  6-jets to  be difficult to  reconstruct, hence a different 
algorithm , aim ing to  reconstruc t b o th  Higgs boson cand ida tes, is em ployed.
D ifferently from  th e  scenarios ta rg e ted  by SRA, pairs of 6-jets w ith  th e  largest A R  are 
found to  be m ore likely to  arise from  th e  decay of th e  sam e Higgs boson cand ida te . Two 
pairs a t a tim e are identified following an  ite ra tiv e  procedure, such th a t  a t first th e  pair 
of 6-jets leading to  th e  h ighest A R , A R bb1, is defined, followed by th e  second highest A R , 
A R bb2, bu ilt considering only th e  rem ain ing  6-jets. T he average m ass of th e  two cand ida tes 
m (h cand1, h cand2)avg is ca lcu lated  and  a requirem ent is placed on th e  average m ass, cor­
responding  to  a w indow  around  th e  Higgs boson m ass: [75, 175] GeV. For a signal m odel 
corresponding  to  m (6 1,X 2,X i) =  (700,680, 550) GeV, ab o u t 0 .1% of th e  sim ulated  signal 
events are re ta ined  by th e  SRB selections. T he efficiency of correctly  selecting th e  6-jets 
using th is  algorithm  is in th e  range 15% -30% . T he SRB requirem ents are listed in tab le  2 .
5 .3  T h e  S R C  s e le c t io n s
W hen  considering th e  scenario w ith  a co n stan t x1 m ass of 60 GeV, th e  A R -based  Higgs 
boson reconstruction  algorithm s are ineffective in th e  com pressed region of phase space w ith  
a sm all m ass sp litting  betw een th e  61 and  X2. In  th e  inclusive SRC, th e  m ain  d iscrim inating  
q u an tity  is S ; a selection of S  >  22 is em ployed. E vents are also required  to  have a t least 
th ree  6-jets. Four non-overlapping regions (SRC22, SRC24, SRC26 and  SRC28) are defined 






V ariable SRC SRC22 SRC24 SRC26 SRC28
Nieptons (baseline) = 0 = 0
Njets >  4 > 4
N b- jets >  3 > 3
E p iss [GeV] >  250 >  250
m in A 0 ( je t1 -4 , pipiss) [rad] >  0.4 >  0.4
S >  22 G [22, 24] G [24, 26] G [26, 28] >  28
T ab le  3. Definitions for SRC, alongside the four varying S  intervals used. The letter appended to 
the SRC label corresponds to the lower bound on the S  interval. SRC targets small mass splittings 
between the b1 and X2, in the m(Xi) =  60 GeV signal scenario. The jets and b-jets are ordered 
by p t  .
in tab le  3 , to  ensure full coverage of th e  ta rg e t m odels as a function  of b o tto m -sq u ark  and 
n eu tra lino  m ass. For a signal m odel corresponding  to  m (b i, x 0, Xi) =  (1200,1150,60) GeV, 
ab o u t 11% of th e  sim ulated  signal events are re ta ined  by th e  SRC selections. T he S  variable 
is effective in rejecting  th e  SM background arising from  associated  p roduc tion  of a Z  boson 
decaying in to  neu trinos and  b-jets.
6  B a c k g r o u n d  e s t i m a t i o n
T here  are tw o m ain  SM backgrounds w hich are expected  to  co n trib u te  to  th e  yields for 
th e  SRs in troduced  in th e  previous section. For SRAs and  SRB, th e  m ain  background 
is to p -q u ark  p rod u c tio n  which, according to  MC estim ates, con tribu tes betw een 70% and 
85% of th e  to ta l background, depending  upon  th e  region considered, and  is dom inated  by 
to p -q u ark  pairs produced  in association  w ith  tw o 6-quarks arising from  gluon sp litting . In 
th e  SRCs, th e  m ain  backgrounds arise from  Z  +  je ts  (up  to  50% of th e  to ta l)  and  from 
to p -q u ark -re la ted  processes (up to  20% of th e  to ta l) .
T he m ain  SM backgrounds in each SR are determ ined  separate ly  w ith  a profile likeli­
hood fit to  th e  event yields in th e  associa ted  CRs [90]. T his is com m only referred to  as a 
background-only  fit which constra ins and  ad ju sts  th e  norm alisation  of th e  background pro­
cesses. T he background-only  fit uses th e  observed event yield and  th e  expected  num ber of 
M C events in th e  associa ted  CRs, which are described by Poisson s ta tis tics , as a co n stra in t 
to  ad ju st th e  no rm alisation  of th e  background processes assum ing th a t  no signal is present.
T he norm alisation  facto r is referred to  as th e  y  factor. T he CRs are designed to  be 
enriched in specific background con tribu tions relevant to  th e  analysis, w hilst m inim ising 
th e  p o ten tia l signal con tam ination , and  th ey  are o rthogonal to  th e  SRs.
W hen  perform ing th e  fit for SRA, a m ulti-b in  approach  is used, w ith  a single C R  
divided in to  th ree  bins of m eff. Such an  approach  allows th e  calcu lation  and  use of a single 
n o rm alisation  p a ram ete r (applied to  th e  m ain  t t  background across all bins of m eff), and 






Figure 3. Schematic diagrams of the fit strategies for (a) the A-, B- and (b) C-type regions. 
Generally the CRs require a different lepton multiplicity than the SRs. The validation regions are 
defined with a lower b-jet multiplicity requirement, except in the case of the VRC0f-T region, which 
instead inverts the SR m in A ^ ( je t^ 4, p iplss) selection.
The system atic uncertainties, described in section 7, are included in the fit as nuisance 
param eters. They are constrained by Gaussian distributions with widths corresponding 
to  the sizes of the uncertainties and are treated  as correlated, when appropriate, between 
the various regions. The product of the various probability density functions and the 
Gaussian distributions forms the likelihood function, which the fit maximises by adjusting 
the background norm alisation and the nuisance param eters. This approach reduces the 
influence of system atic uncertainties on the backgrounds with dedicated CRs, as these are 
absorbed by the norm alisation param eter.
Finally, the reliability of the MC extrapolation of the SM background estim ates outside 
of the CRs is evaluated in dedicated VRs, orthogonal to  CRs and SRs.
The fit strategies for the A- and B-type regions are very similar and are represented 
schematically in figure 3a. They rely on CRs with a single-lepton requirem ent, as the 
t t  background in the SR is dom inated by semileptonic tt  decays where the lepton is not 
identified. The m ain background in both  regions is t t  pair production in association with 
heavy-flavour jets. The fit strategy for the C-type regions is presented in figure 3b. The 
strategy is different because the main background in these regions is Z + jets , closely followed 
by the top-quark backgrounds. In order to  define CRs enhanced in t t  and Z  + jets, additional 
variables are used:
•  m T: the event transverse mass m T is defined as m T =  y  2pT (.£)Emiss(1 — cos(A 0)), 
where A 0  is the difference in azim uthal angle between the lepton and the p!piss. This 
is used in the one-lepton CRs to  reject m ulti-jet events which can be misidentified as 
containing a prom pt lepton.
•  mu: the invariant mass of the two leptons in the event. Since the two-lepton CR is 
used to  constrain the Z  + je ts  background, the m u  variable is required to  be w ithin 






•  Em iss: th e  ‘lep ton  co rrec ted ’ E ^ iss. For th e  tw o-lep ton  C R  th e  transverse  m om entum  
vectors of th e  leptons are su b trac ted  from  th e  E ^ iss ca lcu lation  in order to  m im ic th e  
neu trinos from  Z  ^  vv  decays (used exclusively in th e  tw o-lepton CR).
W hen  designing th e  CRs and  V Rs, th e  p o ten tia l signal con tam ination  is checked in 
each region to  ensure th a t  th e  co n trib u tio n  from  th e  signal process being ta rg e ted  is sm all 
in th e  regions. T he signal co n tam in atio n  in th e  CRs and V Rs is found to  be negligible, a t 
th e  level of <  1% of th e  to ta l SM expecta tion , depending  upon  th e  signal m ass h ierarchy 
of th e  m odels considered in th is  search.
6 .1  A - ty p e  C R  a n d  V R  d e f in i t io n s
A single, tt-d o m in a ted  C R  (C R A R ) is defined for th e  A -type regions and  is sp lit in to  th e  
sam e th ree  identical m eff selections as th e  SRAs. T he C R  is defined sim ilarly  to  th e  SR 
selection (as docum ented  in tab le  1) ; however, exactly  one signal lep ton  (e ither e or y) w ith  
P t  >  20 GeV is required  in th e  final s ta te . F u rtherm ore , th e  selections used to  isolate th e  
Higgs boson in th e  SRAs, nam ely th e  A R max(6, 6), A R max-min(6, 6) and  m (h cand) selections, 
are not applied in o rder to  increase th e  num ber of events in th e  CR. T he leading 6-jet p t  
selection is lowered to  >  100 GeV to  fu rth e r increase th e  num ber of events in th e  region, 
and  a selection on th e  transverse  m ass of m T >  20 GeV is applied  to  suppress m isidentified 
leptons. Such selections resu lt in pure t t  CRs, w ith  t t  co n trib u tin g  m ore th a n  80% of th e  
to ta l SM co n trib u tio n  in each of th e  CRs. T he fraction  of to p -q u ark  pairs produced in 
association  w ith  6-quarks is equivalent betw een CRs and  SRs, and  accounts for ab o u t 70% 
of th e  to ta l t t  background. F igure 4a presents th e  d is trib u tio n  of m (h cand) in C R A R , and 
shows th a t  th is  variable is well m odelled.
A zero-lepton validation  region (VRA0^) is also defined, and  split according to  th e  
sam e m eff th resho lds as th e  SRAs and  CRAs. T his V R  is used to  validate  th e  m odelling of 
th e  ttt  background w hen ex trap o la tin g  from  th e  one-lep ton  CRs to  zero-lepton regions. T he 
selections are based upon th e  SR selections b u t th e  V R s are o rthogonal due to  th e  6-jet 
m ultip lic ity  selection, which requires exactly  th ree  6-jets. A dditionally , th e  A R max(6, 6), 
A R max-min(6, 6) and  m (h cand) selections are not applied  in th is  region. A selection of S  
<  22 is applied  to  ensure th is  region is o rthogonal to  th e  SRC regions.
6 .2  B - ty p e  C R  a n d  V R  d e f in i t io n s
For th e  B -type t t  C R  (C R B R ), a sim ilar m ethod  of using a one-lep ton  region enriched in t t  
is im plem ented. T he SR selections (as docum ented  in tab le  2) are applied, and  add itionally  
exactly  one signal lep ton  w ith  p T >  20 GeV is required . T he m (h cand1 , h cand2)avg selection 
is d ropped  to  increase th e  num ber of events in th e  region, and  th e  | A 0 ( j 1, Em iss)| selection 
is loosened to  >  2 .2 . Sim ilarly to  th e  A -type CR, a selection of m T >  20 GeV is applied 
to  suppress m isidentified leptons. These selections resu lt in a pure C R  w ith  80% of th e  
to ta l expected  SM background consisting of tt .  F igure 4b presents th e  m (h cand1, h cand2)avg 
d is trib u tio n  in th is  region; it is shown to  be well m odelled.
T he associated  V R  (VRB0^) is defined in a sim ilar m anner to  th e  A -type VR, w ith  







TFigure 4. Distributions of (a) m (hcand) in CRA lf, (b) m (hcand 1, hcand2)avg in C RB lf, (c) E\ 
in CRC2f, and (d) S  in C R C lf after the background-only fit; ratios of data to SM predictions 
are reported in the bottom  panels. All uncertainties as defined in section 7 are included in the 
uncertainty bands of the top and bottom  panels in each plot. The backgrounds which contribute 
only a small amount (diboson, W +jets and t t  + W /Z /h )  are grouped and labelled as ‘O ther’. 
Overflow events which do not fall into the axis range are placed into the rightmost bin.
of exactly three 6-jets. Additionally, the selections used to  reconstruct the Higgs bosons 
in the event are dropped to  enhance the num ber of events in the region. A selection of S  
<  22 is also applied to  ensure this region is orthogonal to  the C-type SRs.
6.3  C -ty p e  C R  and V R  d efin ition s
Two CRs are defined for the C-type SRs, one to  constrain the Z  + je ts  background (CRC2f) 
and one to  constrain the backgrounds associated w ith top  quarks, tt and single top 
(C R C lf). A single norm alisation param eter is used to  constrain both  the tt  and single-top 
backgrounds, while the Z + jets background is constrained w ith an additional norm alisation 
param eter. These CRs are based upon the SR shown in table 3 , but are orthogonal due to  






T he C RC21 requires tw o sam e-flavour (SF) opposite-sign  (OS) leptons, w ith  invariant 
m ass in th e  Z -m ass window. T he leading tw o lep tons are required  to  have p T >  27 GeV 
and p T >  20 GeV respectively. To im ita te  th e  Em iss selection in th e  SR, a selection of 
Em iss >  250 GeV is utilised. For th is  region th e  selections on S  are d ropped  to  enhance 
th e  num ber of events in th e  region. F igure 4c shows th e  E p iss d is trib u tio n  in th is  region. 
T he C R C R  region used to  co n stra in  th e  top -q u ark -re la ted  backgrounds requires one signal 
lep ton  w ith  p T >  20 GeV. A selection of S  >  17 is applied. Sim ilarly to  th e  A- and  B -type 
CRs, a selection of m T >  20 GeV is applied to  remove th e  m ulti-je t co n trib u tio n  w ith  fake 
or non-prom pt leptons. F igure 4d presents th e  S  d is trib u tio n  in th is  region.
Two zero-lepton V R s are defined to  validate  th e  ex trap o la tio n  from  C R  to  SR based on 
th e  SR selections. A V R  w ith  zero leptons and  tw o 6-jets (V RC0AZ) w ith  S  €  [20,22] and 
Em iss €  [250,600] GeV ensures a region o rthogonal to  th e  SR, b u t w ith  a large co n tribu tion  
from  th e  Z  + je ts  process. A second V R  is used to  validate  th e  m odelling of th e  t t  and 
single-top backgrounds (V R C 0A T ); a selection of zero leptons, S  €  [15,22] and  an  inverted 
selection on th e  m in A ^ ( je t1- 4, p™ ss) €  [0 .2 ,0.4] is applied  to  ensure orthogonality .
6 .4  S u m m a r y  o f  C R  a n d  V R  r e s u l t s
A full overview of th e  control and  validation  regions used in th e  analysis can  be found in 
tab le  4 . T he control region pre-fit yields and  fitted  no rm alisa tion  factors p bkg for th e  A-, B ­
and  C -type regions are  presen ted  in figure 5a. All p  values are consisten t w ith  unity, w ith in  
2 a  of th e  no rm alisa tion  uncertain ty , suggesting th e  m odelling of th e  key SM background 
processes is a lready  good before perform ing th e  fit. F igure 5b presen ts th e  observed yields, 
post-fit background estim ates and  significance [91] for th e  A-, B- and  C -type validation  
regions. T he background-only  fit estim ates are in good agreem ent w ith  th e  d a ta  in these 







Figure 5. (a) Control region event pre-fit event yields compared with SM MC predictions (top) 
and post-fit p  scale factors (bottom) for the A-, B- and C-type regions. The uncertainty in the p 
factors and the total expected yield include statistical and systematic uncertainties as introduced in 
section 7. For the A-type regions, since the fit is performed in the meff intervals, the normalisation 
is applied to all bins equally. (b) Results of the background-only fit extrapolated to VRs for the 
A-, B- and C-type regions. The normalisation of the backgrounds is obtained from the fit to the 
CRs. The upper panel shows the observed number of events and the predicted background yields. 
Statistical and systematic uncertainties as introduced in section 7 are included in the uncertainty 
band. The lower panel shows the significance in each VR. The significance calculation is performed 
as described in ref. [91]. The minor backgrounds (diboson, W + jets and t t  + W /Z /h )  are grouped 
and labelled as ‘O ther’.





Control Regions Validation Regions
Variable Units CRAiV CRBll? CRClt? CRC21? VRAOt? VRBOt? VRC0GT VRC0GZ
E miss / / / — / / / /
Lepton Trigger — — — / — — — —
remiss±l/r£ [GeV] >  250 >  300 >  250 <  70 >  350 >  350 >  250 € [250, 600]
m in[A 0(jet1_4, A™188)] [rad] — — — > 0.2 >  0.4 >  0.4 € [0.2,0.4] > 1.2
leptons (baseline) =  1 =  1 =  1 =  2 =  0 =  0 =  0 =  0
^leptons (s ig n a l) =  1 =  1 =  1 =  2(SFOS) — — — —
Pt (£ i ) [GeV] > 20 > 20 > 20 >  27 — — — —
Pt (£‘2) [GeV] — — — > 20 — — — —
m x [GeV] > 20 > 20 > 20 — — — — —
•mu [GeV] — — — € [86,106] — — — —
t  veto — / — — / / — —
A je ts > 6 > 4 >  4 >  4 >  6 >  4 >  4 >  4
Nb-jets >  4 >  4 >  3 >  3 =  3 =  3 >  3 =  2
p T ( b i ) [GeV] > 100 — — — > 100 — — —
Pt U i ) [GeV] — >  350 — — — >  350 — —
Leading jet not b-tagged — / — — — / — —












€ [15,22] € [20,22]
T ab le  4. Summary of all control and validation region definitions used in the analysis.
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7 S y s t e m a t i c  u n c e r t a i n t i e s
Several sources of experim ental and  theo re tica l system atic  u n ce rta in ty  on th e  signal and 
background estim ates are considered in th is  analysis. T h eir im pact is reduced by fittin g  th e  
event yields and  norm alising th e  dom inan t backgrounds in th e  C Rs defined w ith  k inem atic 
selections resem bling those of th e  corresponding  SRs (see section 6) . U ncertain ties due 
to  th e  num bers of events in th e  CRs are also in troduced  in th e  fit for each region. T he 
m agn itude of th e  con tribu tions arising  from  d etec to r, theo re tica l m odelling and  s ta tis tica l 
u ncerta in ties are  sum m arized in tab le  5 .
D om inan t d e tec to r-re la ted  system atic  uncerta in ties arise from  th e  b-tagging efficiency 
and  m is-tagging ra tes, and  from  th e  je t  energy scale and resolution. In  SRA and  SRB, 
th e  con tribu tions of these uncerta in ties  are alm ost equivalent. In  SRC, th e  b-tagging u n ­
ce rta in ty  is dom inan t. T he system atic  u n ce rta in ty  on th e  b-tagging efficiency ranges from  
4.5% for b-jets w ith  p T €  [35,40] GeV up to  7.5% for b-jets w ith  high p T (>  100 GeV). T he 
b-tagging u n ce rta in ty  is es tim ated  by varying th e  n-, p T- and  flavour-dependent scale factors 
applied  to  each je t  in th e  sim ulation w ith in  a range th a t  reflects th e  system atic  u n certa in ty  
in th e  m easured tagg ing  efficiency and  m is-tag  ra tes in d a ta  [81]. T he uncerta in ties  in th e  
je t  energy scale and  resolution are based on th e ir  respective m easurem ents in d a ta  [77, 92].
T he uncerta in ties associa ted  w ith  lep ton  reconstruction  and  energy m easurem ents have 
a negligible im pact on th e  final results; however, th e  lepton, pho ton  and  je t-re la ted  uncer­
ta in tie s  are p ropagated  to  th e  calcu lation  of th e  E™ ss, and  add itiona l uncerta in ties due to  
th e  energy scale and  resolution of th e  soft te rm  are included in th e  ET^iss.
T he system atic  uncerta in ties re la ted  to  th e  m odelling of th e  energy of je ts  and  leptons 
in th e  sim ulation  are p ropagated  to  S . No add itional u n ce rta in ty  on th e  energy resolution 
is applied, as th e  resolutions are tak en  to  be th e  m axim um  of th e  param eterised  d a ta  and 
sim ulation  resolutions w hen perform ing th e  calcu lation  for b o th  d a ta  and  M C sim ulation.
U ncerta in ties in th e  m odelling of th e  SM background processes from  MC sim ulation  
and  th e ir theo re tica l cross-section uncerta in ties are also tak en  in to  account. T he dom inan t 
uncerta in ties in SRA and  SRB arise from  theo re tica l and  m odelling uncerta in ties  of th e  
t i  background. T hey  are com puted  as th e  difference betw een th e  pred ic tions from  nom i­
nal sam ples and  those from  add itional sam ples differing in h ard -sca tte rin g  g enera to r and 
p a ram ete r settings, or by using in terna l w eights assigned to  th e  events depend ing  on th e  
choice of renorm alisa tion  and  facto risa tion  scales, in itial- and  final-sta te  rad ia tio n  p aram ­
eters, and  P D F  sets. T he im pact of th e  PS  and  had ron isa tion  m odel is evaluated  by com ­
paring  th e  nom inal g en era to r w ith  a P O W H E G  sam ple in terfaced to  H ER W IG  7 [93, 94], 
using th e  H 7U E set of tu n ed  p aram eters  [94]. To assess th e  u n ce rta in ty  due to  th e  choice 
of h ard -sca tte rin g  g enera to r and  m atch ing  scheme, an  a lte rn a tiv e  genera to r se tup  using 
aM C @ N L O + PY T H IA 8 is em ployed. I t  uses th e  shower s ta rtin g  scale, p q =  H t /2 , w here 
H t  is defined here as th e  scalar sum  of th e  p T of all outgoing partons.
T he dom inan t uncerta in ties  in SRC arise from  th e  M C m odelling of th e  Z  + je ts  process, 
followed by th e  t t  and  single-top m odelling. T he Z+jets (as well as W +jets) m odelling uncer­
ta in tie s  are es tim ated  by considering different m erging (C K K W -L) and  resum m ation  scales 






R egion SRA SRB SRC
T otal background expecta tion 17.1 3.3 37.9
T otal background u n certa in ty 2.8 (16%) 0.9 (27%) 6.2 (16%)
S ystem atic , experim ental 1.4 (8%) 0.3 (10%) 3.0 (8%)
System atic , theo re tical 2.3 (13%) 0.6 (18%) 3.2 (8%)
S ta tis tica l, MC sam ples 0.7 (4%) 0.4 (12%) 2.0 (5%)
T ab le  5. Expected background event yields and dominant systematic uncertainties on background 
estimates in the A-type (inclusive), B-type and C-type (inclusive) regions. Individual uncertainties 
can be correlated, and do not necessarily add up quadratically to the total background uncertainty. 
The percentages show the size of the uncertainty relative to the total expected background.
varia tions of facto risa tion  and renorm alisa tion  scales in th e  M E. T he la tte r  have been evalu­
a ted  using 7 po in t-varia tions, changing th e  renorm alisa tion  and  facto risa tion  scales up and 
dow n by factors 0.5 and  2, such th a t  w hen one scale is up  th e  o th er is down, and  vice-versa.
For th e  SUSY signal processes, b o th  th e  experim ental and  theo re tical uncerta in ties in 
th e  expected  signal yield are considered. E xperim en ta l uncerta in ties are found to  be 6-36%  
across th e  m ass p lane w ith  fixed LSP m ass for A -type SRs, and  4-40%  for C -type SRs. 
For m odels w here A m (x2 , x1) =  130 GeV is assum ed, scenarios w here SRB is relevant have 
uncerta in ties of 11-37% .
In  all SRs, th e  dom inan t u n ce rta in ty  on th e  signal yields is found to  be from  th e
6-tagging  efficiency.
T heoretical uncerta in ties in th e  app rox im ate  N N L O +N N L L  cross-section are calcu­
la ted  for each SUSY signal scenario, and  are dom inated  by th e  uncerta in ties in th e  renor­
m alisation  and  facto risa tion  scales, followed by th e  u n ce rta in ty  in th e  P D F s. These are
7-17%  for b o tto m -sq u ark  m asses in th e  range betw een 400 GeV and 1500 GeV. A dditional 
uncerta in ties in th e  acceptance and  efficiency due to  th e  m odelling of ISR  and  C K K W  
scale varia tions in SUSY signal M C sam ples are also tak en  in to  account, and  co n trib u te  
up  to  ~ 10%.
8  R e s u l t s  a n d  i n t e r p r e t a t i o n
T he event yields for all SRs are rep o rted  in tab le  6 . T he SM background expecta tions 
resu lting  from  background-only  fits are also rep o rted  showing s ta tis tica l plus system atic  
uncerta in ties. T he largest background co n trib u tio n  in A -type and  B -type SRs arises from 
t t  p roduction , w hilst th e  co n trib u tio n  from  Z  ^  v t  p roduc tion  in association  w ith  6- 
quarks is largest in th e  C -type SRs, w ith  sub-dom inan t con tribu tions from  th e  t t  and 
single-top processes. O th er background sources are t t  + W /Z , t t  + h , d iboson and W  + je ts  
p roduction . T he resu lts are also sum m arised  in figure 6 , w here th e  significances for each of 
th e  SRs are also presen ted . No significant deviations are observed betw een expected  and 






Figure 6. Results of the background-only fit extrapolated to all SRs. The normalisation of the 
backgrounds is obtained from the fit to the CRs. The upper panel shows the observed number 
of events and the predicted background yields. The backgrounds which contribute only a small 
amount (diboson, W +jets and t t  + W /Z /h )  are grouped and labelled as “Other” . All uncertainties 
defined in section 7 are included in the uncertainty band. The lower panel shows the significance 
in each SR. The significance calculation is performed as described in ref. [91].
Figure 7 shows comparisons between the observed d a ta  and the post-fit SM predictions 
for some relevant kinem atic distributions for the inclusive SRA, SRB and SRC selections 
before selection requirem ents are applied on the quantity  shown. The expected distribu­
tions for scenarios w ith different bottom  squark, x2 and x1 masses (depending on the SR 
considered) are shown for illustrative purposes.
The CLs technique [95] is used to  place 95% Confidence Level (CL) upper limits 
on event yields from physics beyond the SM (BSM) for each signal region. The profile- 
likelihood-ratio test statistic  is used to  exclude the signal-plus-background hypothesis for 
specific signal models. W hen normalised to  the integrated luminosity of the d a ta  sample, 
results can be interpreted as corresponding upper limits on the visible cross-section, a vis, 
defined as the product of the BSM production cross-section, the acceptance and the selec­
tion efficiency of a BSM signal. W hen calculating the m odel-independent upper limits of 
the A- and C-type regions, only the inclusive SR selection is used. Table 7 summarises the 
observed (S0bs) and expected (SeXp) 95% CL upper limits on the num ber of BSM events 
and on a vis for all SRs. The p0-values, which represent the probability of the SM back­
ground to  fluctuate to  the observed num ber of events or higher, are also provided and are 
capped at p0 =  0.5; the associated significance is provided in parentheses.
M odel-dependent exclusion limits are obtained assuming the two types of SUSY parti­
cle mass hierarchies described in section 1 . The lightest bottom  squark decays exclusively 






SRA SRA-L SRA-M SRA-H SRB
Observed events 17 12 3 2 3
Fitted SM bkg events 17.1 ± 2.8 8.4 ± 1.7 5.7 ± 0.8 3.0 ± 1.5 3.3 ± 0.9
tt 10.1 ± 2.5 4.7 ± 1.5 3.7 ± 0.6 1.7 ± 1.4 2.3 ± 0.8
Z+jets 2.6 ± 0.4 1.3 ± 0.2 0.9 ± 0.2 0.4 ± 0.1 0.3 ± 0.1
Single-top 1.4 ± 0.3 0.4 ± 0.1 0.3 ± 0.1 0.6 ± 0.2 0.5 ± 0.1
t t  + W /Z 1.2 ± 0.3 0.7 ± 0.1 0.3 ± 0.1 0.1 ± 0.0 0.07 ± 0.02
tt +h 1.1 ± 0.2 0.7 ± 0.1 0.3 ± 0.1 0.1 ± 0.0 0.13 ± 0.02
W +jets 0.4 ± 0.1 0.2 ± 0.1 0.1 ± 0.0 - 0.02 ± 0.01
Diboson 0.4 ± 0.1 0.3 ± 0.1 - - -
m(6i,X2,Xi) = (1100,330,200) GeV 13.7 ±  0.3 0.7 ± 0.1 6.3 ± 0.2 6.6 ± 0.2 0.3 ± 0.1
m(6i,X2,Xi) = (700,680,550) GeV 1.3 ± 0.6 0.2 ± 0.1 0.5 ± 0.4 0.6 ± 0.4 7.4 ± 1.2
m(bi,X2,Xi) = (1200,1150,60) GeV 8.7 ± 0.2 1.4 ± 0.1 3.4 ± 0.1 3.8 ± 0.1 0.6 ± 0.1
SRC SRC22 SRC24 SRC26 SRC28
Observed events 47 28 12 4 3
Fitted SM bkg events 37.9 ± 6.2 21.2 ± 4.1 10.6 ± 2.3 3.7 ± 0.9 2.4 ± 0.6
t t 5.4 ± 2.6 3.9 ± 2.3 1.1 ± 0.6 0.3 ± 0.3 0.1 ± 0.1
Z+jets 17.6 ± 4.7 8.8 ± 2.5 6.0 ± 1.8 1.7 ± 0.7 1.1 ± 0.4
Single-top 5.0 ± 1.5 2.7 ± 1.0 1.2 ± 0.3 0.7 ± 0.2 0.4 ± 0.1
t t  + W /Z 4.3 ± 0.6 2.5 ± 0.4 1.1 ± 0.2 0.5 ± 0.1 0.2 ± 0.1
t t  +h 0.2 ± 0.0 0.2 ± 0.0 — 0.1 ± 0.0 0.0 ± 0.0
W+jets 3.5 ± 0.8 2.2 ± 0.5 0.6 ± 0.2 0.2 ± 0.1 0.4 ± 0.1
Diboson 1.8 ± 0.3 0.9 ± 0.2 0.6 ± 0.1 0.2 ± 0.0 0.1 ± 0.1
m(bi,X2,Xi) = (1100,330,200) GeV 0.4 ± 0.1 0.3 ± 0.1 0.1 ± 0.0 0.03 ± 0.02 0.03 ± 0.01
m(6i,X2,Xi) = (700,680,550) GeV 1.2 ± 0.5 0.5 ± 0.2 0.7 ± 0.4 — —
m(bi,X2,Xi) = (1200,1150,60) GeV 26.7 ±  0.3 6.3 ± 0.2 6.4 ± 0.2 5.8 ± 0.2 8.3 ± 0.2
T ab le  6 . Background-only fit results for the A- and B-type regions (top table) and C-type re­
gions (bottom table) performed using 139fb-1 of data. The quoted uncertainties on the fitted SM 
background include both the statistical and systematic uncertainties.
S ig n a l  c h a n n e l avis[fb] S 95 Sobs
S 95 
S exp C Lb Po (Z )
SRA 0 .06 9.0 10.1+3:1 0.38 0.50 (0.00)
SRB 0.04 4.9 ^ + 1 :7 0.45 0.50 (0.00)
SRC 0.19 26.0 20.8+5:5 0 .80 0.17 (0.97)
T ab le  7. From left to right, observed 95% CL upper limits on the visible cross sections a vis, the 
observed (S05s) and expected (£®Xp) 95% CL upper limits on the number of signal events with ±  
1 a  excursions of the expectation, the CL of the background-only hypothesis, CLB, the discovery 






Figure 7. Post-fit distributions of (a) the meff and (b) the m (hcand) in the inclusive SRA region; 
(c) the leading jet p T and (d) the m (hcand1, hcand2)avg for the Higgs candidates in the SRB region; 
(e) Emlss and (f) S  for SRC regions. All SR selections are applied except for the selection on the 
variable shown, where the selection on the variable under consideration is denoted by an arrow, 
except in the case of (e), where the full SRC selection is applied. All uncertainties as defined in 
section 7 are included in the uncertainty band. The minor backgrounds (diboson, W +jets and tt 
+ W /Z /h ) are grouped and labelled as “Other” . For illustration, contributions expected for scenarios 
with different bottom-squark, X0 and Xi masses depending on the SR considered are superimposed. 






com pared  for each set of scenarios and  th e  observed lim its are ob ta in ed  by choosing th e  
SR w ith  th e  best expected  sensitiv ity  for each SUSY m odel. T he fit procedure takes in to  
account correlations in th e  yield pred ic tions betw een control and  signal regions due to  
com m on background no rm alisation  p aram eters  and  system atic  uncerta in ties. T he experi­
m ental system atic  uncerta in ties in th e  signal are tak en  in to  account for th e  calcu lation  and 
are assum ed to  be fully corre la ted  w ith  those in th e  SM background.
F igures 8a and  8b show th e  observed (solid line) and  expected  (dashed line) exclusion 
contours a t 95% CL in th e  % -X 0 m ass planes for th e  tw o types of SUSY scenarios con­
sidered. For th e  scenarios w here th e  m ass of th e  n eu tra lino  is assum ed to  be 60 GeV, th e  
sensitiv ity  to  m odels w ith  th e  largest m ass difference betw een th e  b1 and  th e  X0 is achieved 
w ith  th e  com bination  of th e  A -type SRs. S ensitiv ity  to  scenarios w ith  sm all m ass differences 
is ob ta ined  w ith  th e  ded ica ted  C -type SRs. For scenarios w ith  A m (x 0,X i) =  130 GeV, th e  
sensitiv ity  of th e  A -type SRs is com plem ented by th e  B -type SR in th e  case of sm all m ass 
difference betw een th e  b1 and  th e  X0.
B o ttom -squark  m asses up  to  1.5 TeV are excluded for m odels w ith  fixed m xo =  60 GeVx 1
and X0 m asses €  [0.5,1.1] TeV. In  case of A m (X 0, X1) =  130 GeV, b o tto m -sq u ark  m asses up 
to  1.3 TeV are excluded for X2 m asses up to  750 GeV. T he losses in sensitiv ity  for m odels 
w here Xi m asses are below 190 GeV are due to  th e  stringen t requirem ents on E™ ss.
T he resu lts co n s titu te  a large im provem ent upon  previous R un-1 searches and  signifi­
can tly  s tren g th en  th e  co n stra in ts  on b o tto m  squark  masses; th ey  are also com plem entary  
to  o th e r searches w here b o tto m  squarks are  assum ed to  decay d irec tly  to  a b o tto m -q u ark  






Figure 8. Exclusion contour at the 95% CL in the m(&i,X2) phase space for (a) the m (x 1) =  
60 GeV signal scenario, ATLAS Run 1 limit taken from ref. [27] and (b) the A m (x 2,Xi) =  130 GeV 
signal scenario, using the SR with the best-expected sensitivity. The theory uncertainty band 
contains the systematic uncertainties on the signal model under consideration and the uncertainty 






9  C o n c l u s i o n
T he resu lt of a search for pair p roduc tion  of b o tto m  squarks is repo rted . T he analysis 
uses 139 fb - 1  of p p  collisions a t y fs  =  13 TeV collected by th e  ATLAS experim ent a t th e  
LHC betw een 2015 and  2018. R -parity -conserv ing  SUSY scenarios w here b o tto m  squarks 
decay in to  a b-quark and  th e  second-lightest neu tra lino , b1 ^  b +  x 2 , w ith  X° subsequently  
decaying in to  a Higgs boson like th e  one in th e  SM and  th e  lightest neu tra lin o , are consid­
ered. T he search investigates final s ta tes  con tain ing  large m issing transverse  m om entum  
and  th ree  or m ore b-jets. No significant excess of events above th e  expected  S tan d ard  
M odel background is found and  exclusion lim its a t th e  95% confidence level are placed on 
th e  visible cross-section and  on th e  m ass of th e  b o tto m  squark  for various assum ptions 
ab o u t th e  m ass h ierarchy of th e  b1, x2 and  x ° . B o ttom -squark  m asses up  to  1.5 (1.3) TeV 
are excluded for X° m asses up to  1100 (750) GeV in m odels w ith  fixed m (X i) =  60 GeV 
(A m (x ° , Xi) =  1 3 0 G eV). As th e  first search for such scenarios carried  ou t by ATLAS 
in R un  2, these resu lts are a significant im provem ent upon  th e  previous R un-1 result, 
considerably  tigh ten ing  th e  co n stra in ts  on b o tto m -sq u ark  production .
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